Abstract-In this paper, a fu zzy predict ive control scheme is proposed for controlling output voltage of a step-down DC-DC converter in presence of disturbance and uncertainty. The DC-DC converter is considered as a hybrid system and modeled by Mixed Logical Dynamical modeling approach. The main objective of the paper is to design a Fuzzy Pred ictive Control to achieve desired voltage output without increasing complexity of the hybrid model of DC-DC converter in various conditions. A model predictive control is designed based on the hybrid model and applied to the system. Although the performance of the model predictive control method is satisfactory in normal condition, it suffers from lack of robustness in presence of disturbance and uncertainty. So, to succeed in facing up to the problem a fu zzy supervisor is utilized to adjust the main predict ive controller based on the measured states of the system. In this paper it is shown that the proposed fuzzy pred ictive control scheme has advantages such as simplicity and efficiency in normal operation and robustness in presence of disturbance and uncertainty. Through simulat ions effectiveness of the proposed method is shown.
I. Introduction
Step-down DC-DC converters are switched circuits that transfer power fro m a DC source to a DC load. Because of light weight, co mpact size, high efficiency, and reliab ility of DC-DC converters, they are used in a large variety of applications such as computer power supplies, battery chargers, variable speed DC motor drives, and many other applications. Switch-mode DC-DC conversion as a mature and well-established technology have been studied by many researchers in recent years [1] [2] [3] [4] [5] . Nonetheless, modeling and controlling of DC-DC converters in academic's research have been continued [6] [7] [8] [9] [10] [11] .
Over the past decades, many researchers have studied modeling and controlling DC-DC converters [2] [3] [4] [5] . The standard approach for modeling such systems is the state-space averaging model. In order to overcome the difficult ies posed by the hybrid nature of the system, a solution is to use an averaged continuous-time model [2, 12] . However, the model obtained using this procedure is still nonlinear. It is due to the presence of mu ltip licat ive terms involving the state variables and the duty cycles. Many approaches have been presented based on the average modeling method [3, 13] . Nevertheless, for design purposes, they still carry the difficulty of being nonlinear with respect to the duty cycle, and making a sys tematic approach to the controller design problem is a challenging task.
Obtaining an accurate model for many systems is difficult when they actually consist of many different operating modes which are transferred to each other based on logics, conditions or rules. Such systems are so-called hybrid systems. A hybrid system consists of several dynamical equations representing the system behavior at a certain operating condition(s). The DC-DC converter system can be easily modeled by hybrid modeling approaches [14] [15] [16] [17] [18] . These models can describe hybrid systems perfectly and they can reduce the effects of nonlinearity raised by the hybrid nature of the system. In this paper a step-down DC-DC converter is considered as a hybrid system and therefore it is modeled based on an existing method for such systems, namely Mixed Log ical Dynamical model (M LD) [16] . However, it is very important to utilize a control method which coincides with such models.
There are many methods for controlling load's voltage in step-down DC-DC converter. In [19] a fu zzy logic controller scheme was proposed for controlling a DC-DC converter. In the proposed scheme a genetic algorith m was used to enhance the output quality of a PID fu zzy controller. Eduardo Mojica-Nava and Nicanor Qu ijano [20] proposed a weighted control technique that uses the replicator dynamics concepts to weight the operation of different controllers tuned to operate in different modes. They applied their scheme to a step-down DC-DC converter and showed its performance through simulat ions. In [21] , author derived a family of PI controllers with parameters that depend nonlinearly on the steady-state duty cycle. He used the Ziegler-Nichols method in the PI controller around a constant operating equilibriu m point. He applied the proposed scheme to a boost and a buckboost converter. An unconstrained nonlinear pred ictive controller is formulated for a DC-DC converter in [22] . They used a control methodology that extends the concept of Generalized Pred ictive Control to nonlinear systems. Finally, Tobias Geyer et. al. proposed a novel modeling and controller design approach based on the hybrid system [1] . They proposed a hybrid model of system for the whole operating range and designed a model p redictive controller based on this model. They showed the advantages of their proposed scheme using simulations.
Most of the previous analyses were only applicable for specific classes of nonlinear systems and they are suitable for simple scenarios. Moreover, some of the previous analyses are co mplex, need huge computational efforts and are not optimal. In addition, most of the p revious researches are not robust in presence of disturbances or uncertainties. Therefore, it is a significant open challenge to study simple and systematic methods with optimal results while increasing robustness of controller in presence of disturbance an uncertainty.
Due to the hybrid nature of the DC-DC converter system [1] , one of the ways of controlling the system is using the model predictive control (MPC) approach for hybrid systems which has many advantages such as optimal solution and meet ing constraint [15, 23] . In this paper First a M LD model of the DC-DC converter is provided. Using this model a MPC is designed to control output voltage around the desire value. Due to disturbance and uncertainty distort output voltage of the system a scheme should be used to subdue this problem. A method to solve this problem is to modify the model used by the MPC [1] which increases the complexity and the cost of implementation. So in this paper in order to overcome defect of model predict ive control in presence of disturbance and uncertainty, a scheme based on a fuzzy supervisor is suggested to adjust the reference signal of the MPC based on the states of the DC-DC converter. Th rough simulat ions simplicity, effectiveness and robustness of the proposed scheme are shown.
The rest of the paper is as follo ws: in Section II, the mathematical model and MLD model of the converter are introduced. Next , a hybrid model pred ictive controller is designed and applied to the system in Section III and the results are shown in normal condition and in p resence of disturbance. In Section IV, the fuzzy predictive controller is proposed for controlling the system under the same condition as the previous section. Finally, concluding remarks are drawn in Section V.
II. Mathematical Model and Hybri d Model of
Step-Down DC-DC Converter
The topology of the converter is depicted in Fig. 1 . It consists of a linear load, a capacitor, and an inductor which are supplied by a voltage source using two switches [1] . Fig. 1: Step-down DC-DC converter system [1] Based on the positions of the switches, the DC-DC converter dynamics are changed. Therefore it behaves as a hybrid system. In general, the DC-DC converter has three different modes of operation. It has a linear continuous-time dynamic in each mode. The objective of control for the DC-DC converter is to achieve the desired output voltage by managing duty cycles of switches, but the control problem beco mes mo re complicated when the operating point of the system changes due to variations and uncertainties of input voltage and its load [1] .
Here the circuit of the DC-DC converter shown in Fig. 1 is considered. The system is a Fixed-frequency switch-mode DC-DC converter. The primary switch 1 
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is always controlled and the secondary switch 2 
operates dually to the main switch. The primary switch is closed at the start of the each period and the control purpose is to decide when the primary switch must be opened within a period to achieve desire output.
In continuous-time the system's dynamics equations are as follow [1] : Now in order to achieve discrete-time equations fro m (1), v-resolution modeling approach is used, and each period is div ided into v equal sections [1] . So (1) are rewritten as follow:
where  ,  and  respectively are the discrete-time representation of states, F and f with samp ling time / T v s s
According to (2) , the system is modeled in the M LD model which has the following structure [16] :
where x is the system state, y and u are the output and the input signal, respectively.  denotes the logical auxiliary variables, and z denotes the continuous auxiliary variables.
) are proper and time-invariant matrixes.
Before obtaining the MLD model of the system based on the discrete-time equations, since one of our goals is to limit the variation of the input signal d near the zero a new state and a new equation is introduced as follow:
where S u is the new state variable and du represents new equation which is the variation of the input signal.
In order to obtain the M LD model (based on (3)) of the DC-DC converter, hybrid system's description language (HYSDEL) and hybrid toolbox are used [17, 24] . The parameters of converter and the constraints imposed on the system are given in the Table 1. T able 1: T he nominal parameters of the converter in p.u. [1] Parameters of the converter To evaluate accuracy of the obtained MLD model using v-resolution modeling approach, a coefficient namely ‗coefficient of determination' is used to show the fitness of the MLD model. The coefficient of determination varies fro m 0 to 1, where ‗0' means the model has no relation with the system, and ‗1' means that the model describes the system perfectly; in other hand the larger value o f coefficient of determination indicates a better fitness of the model [25] . The result of computation of the coefficient of determination for MLD model is provided in Table 2 . is the coefficient of determination. According to Table 2 , it is obvious that obtained model using hybrid system modeling approach based on the vresolution technique has relatively good accuracy. Increase in the number of partit ions increases the accuracy of the MLD model; however escalation in the number of partit ions increases the number of auxiliary variables and mixed-integer linear inequalit ies which leads to mo re co mputational co mplexity. Consequently the number of partit ions cannot be increased carelessly [1, 26, 27] .
In next section, a model predict ive control is designed and applied to the system. Its behavior in presence of disturbance and uncertainty is studied.
III. Model Predictive Control
Model predictive control is one of the mature and commonplace control approaches which is applied in many practical and academic systems [28] [29] [30] [31] . M PC strictly depends on the model of system which is under the control [15, 23] . In p revious section, a relat ively accurate hybrid model of the DC-DC converter was obtained. The hybrid model pred ictive control (HMPC) is very similar to the conventional MPC but with a slight difference in the cost function the logical and continuous auxiliary variab les should be considered [14] .
The open loop optimization problem (OOP) in hybrid systems is to minimu m the cost function (.) J by meet ing the constraints imposed on the controller within a constant prediction's horizon H p and subject to the system model which here is a MLD model [14] : 
in wh ich, the values of the weighting matrix have been determined based on the importance of the variables and the relationships between the variables.
In (6.a) the predict ion horizon ( H p ) must be chosen wisely in order to keep the co mputation time of the OOP in all conditions (nominal, d isturbance and uncertainty) less than the sampling time. To select the proper prediction horizon in Table 3 According to the Table 3 all predict ion horizon more than one are feasible, but due to the shortage of time for solving the optimizat ion problem, the prediction horizon is set to three. In order to find the proper input, the OOP should be solved. Due to the cost function (6) is an infinite-norm, the OOP is a mixed integer linear program. In this paper the OOP is solved by using hybrid toolbox which uses the GNU Linear Programming Kit (GLPK) to solve the OOP [24, 32] . The cost function (6.a) has been considered in its simp lest form to show the efficiency of proposed fuzzy method even without well developed model predictive controllers.
The result of applying the designed MPC controller to the DC-DC converter in no minal startup is shown in the Fig. 3 .
According to Fig. 3 , the MPC controller which has been designed subject to the MLD model of the DC-DC converter works very good in no minal condition and the persistent error is less than 1 percent. In addition the inductor current is under the maximu m allowed amount ( max i l ). As it is shown, in the presence of the disturbance and uncertainty designed MPC manages to keep the inductor current under its limit; however the difference between the system and the MLD model, wh ich is used by MPC to produce control signal, causes the output degrades fro m the reference signal. This dig ression is not acceptable and should be removed. In the next section a fuzzy model predict ive controller is proposed in order to overcome the effects of uncertainty and disturbance in the system.
IV. Fuzzy Model Predictive Control
The MPC method, as shown in previous section, is very sensitive to the model of the system. Uncertainty and disturbance cause difference between the model and system wh ich appears as tracking error. In this section, we propose a Fuzzy predict ive control scheme which solves this proble m without increase in the co mp lexity of the MLD model which costs a lot computational effort. In the proposed method a fuzzy supervisor is used in order to regulating the reference signal of the MPC based on the measured state variables. The proposed scheme is shown in Fig. 7 . In the proposed scheme, the M PC part is not modified, but the reference signals of MPC b lock is defined as follow:
where x rf and () xk r are the actual reference signals and fuzzy -based reference signals, respectively. F represents a fuzzy function ( ( ) 0, 0
F k k 
). Consequently the cost function (6.a) should be rewritten as follow:
Now, the inputs of the fuzzy system for DC-DC converter should be defined. Based on our goals which are decreasing output error and avoiding fro m excessive output oscillation around desire value, two variables 
where () ek and () dv k represent tracking error (in volt) and output's change (in volt per second), respectively.
In Fig. 8 , the fu zzy system including a Mamdani-type fuzzy inference system is depicted. This system uses minimu m inference engine. Triangular membership functions are used to create fuzzy sets from input signals due to their simp licity and ease of use. Center average defuzzifier is also used to generate output signal. Membership functions of fuzzifier and defuzzifier are shown in Fig. 9 . In Table 4 Table 5 . To convert the fuzzy sets to the output signal, the center average defuzzifier is used with following equation. , ,...,
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in which, i y is the center ( i c in Fig. 10 ) of i-th ( ,..., i CN CP  ) t riangular membership function (Fig. 9.c Know based on the proposed method a fuzzy predictive controller is designed and applied to the DC-DC converter under the same condition as before, the result of nominal condition is shown in Fig. 11 .
By applying the fuzzy predict ive control to the DC-DC converter, as shown in Fig. 11 , it is clear that the fuzzy p redictive controller converges the output voltage toward the desirable value, however it increases the overshoot (undershoot) of the output in nominal condition. Moreover the proposed controller satisfies all constraints of the system and keeps the inductor current within its boundary.
The disturbance and uncertainty conditions are same as the previous section; the results of applying designed fuzzy predict ive controller are shown in Figures 12, 13 and 14. As presented in this paper, the proposed fuzzy predictive control method reduces the effects of uncertainty and disturbance significantly. In addit ion, in contrast with the proposed method in [1] which is based on modifying the MLD model, the proposed method doesn't increase the computational effort wh ile increasing the robustness of the controller. The proposed method provides opportunity to easily develop a more robust controller for mo re co mplicated scenarios in order to make a more co mprehensive fuzzy predictive controller.
V. Conclusion
In this paper, a fuzzy supervisor was proposed in order to design a simple but powerfu l robust controller. The proposed method modifies reference signal of the model pred ictive control. It was shown that proposed approach can easily overcome the effects of disturbance and uncertainty. The proposed fuzzy predictive con trol has many advantages in the DC-DC converter: It has less complexity to overcome the disturbances and the uncertainties, and it g ives enough freedom to manage the controller. The desired output can be achieved by only measuring states which are necessary for traditional M PC. In addition, the control signal and output in each step are optimal because of the existence of the cost function in MPC method. Through simu lations the simplicity and efficiency of the proposed method in normal operation, and strong robustness in the presence of disturbances and uncertainties in comparison with the conventional MPC method were shown.
